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High-spin states in th&l=Z nucleus’Kr were populated using th&Ca(3®Ar,2p2n) reaction at a beam
energy of 145 MeV. The yrast band has been observed up to a tentative spirk.oN@0yrast rotational
structures have also been observed for the first time. The alignmepj,qfrotons and neutrons in the yrast
band is observed to be significantly delayed relative to the heavier even-even Kr isotopes. Exact deformed
cranked shell model calculations suggest that this could be due to the combined effect of isovedtprand
isoscalar T=0) neutron-proton pairing correlations.
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I. INTRODUCTION at higher spins. This is the subject of the present work.
A predicted spectroscopic signature &0 pairing cor-
N=2Z nuclei are of special interest because identicalelations at high spins in even-evlir=Z nuclei is a delay of
single particle orbitals are available to both protons and neuthe crossing frequency between the four quasiparticle band,
trons. The simultaneous filling of orbitals is predicted to re-containing aligned neutrons and protons, and the vacuum
sult in a significant enhancement of neutron-protarp)( configuration, compared to that in heavier even-even iso-

- . . . topes. For a singleshell, both shell moddl2] and cranked
bairing correlationg1] with re_s_pect to the more established Hartree-FocK 8,9] calculations suggest that the delay in the
like-nucleon @n and pp) pairing modes. In like-nucleon

g ) : . crossing frequency may be attributed to isovectprpairing
pairing, the nucleons are constrained by the Pauli exclusiopgrrelations alone. However, the work by Sheikh and Wyss
principle so that they can only ford=0, T=1 (isovectol  [9] also suggests that for realistic cases in heavy nudei (
pairs. However, fonp pairing this constraint is removed and >28) with severaj shells, theJ=1 component of the iso-
the nucleons can also couple together to faim1,T=0 scalar pairing field may acquire a substantial strength. This
(isoscalay pairs. The existence and properties of these isowould result in significant changes to the band crossing fre-
scalar and isovector modes of pairing in N~Z nuclei ~ quencies foN=2Z nuclei.

have been the subject of a recent revival of theoretical inter- A delay in the alignment frequency of pairs g, pro-
est(e.g., see Refg2,3)). tons and neutrons in the yrast band ‘6Kr, relative to the

heavier *"%r isotopes, was initially reported by de Angelis
tions is confirmed by an analysis of binding energy diﬁer-gggll('lgég]darseggfé glebsvt'geeggea[?t;]g? \E’vzlsnr;ﬁsTgﬂnghfo be
ences along thél=2Z line [4,5]. However, these same data, j,qrrect by Hausladefill] and more recently by Fischer
together with an analysis of pairing phonons néa and  apq Lister[12]. The latter work did, however, show that
*Ni [6,7], suggest that there is not a coexisting condensatgere is a significant delay in thge, proton and neutron
of deuteron like T=0) np pairs. While these data appear to crossing frequencies. The present work, which was carried
rule out strong isoscalar pairing correlations in the groundbut in parallel with that of Ref[12], confirms that the back-
state, it is still possible that they may play an important rolebend does not exist in the yrast band and that there is a
substantial delay in crossing frequency, which is marked by a
gradual upbend in the moment of inertia. Our results are
*Present address: Department of Nuclear Physics, Australian Nasompared with cranking calculations within a singlshell
tional University, Canberra ACT 0200, Australia. (9o that includenp pairing. These suggest that both iso-
"Present address: Department of Physics, University of Guelphscalar and isovector components could play an important
Guelph, Ontario, Canada N1G 2W1. role in delaying the crossing frequency; however, the exis-
*Present address: Physics Department, University of Surreytence of an oblate shape at high spin could also explain the
Guildford, Surrey GU2 7XH, UK. observed data.

The existence of fullin,pp,np) T=1 pairing correla-

0556-2813/2001/62)/0243097)/$20.00 64 024309-1 ©2001 The American Physical Society



N. S. KELSALL et al. PHYSICAL REVIEW C 64 024309

o [= — =
Kr 2501 o = & s = (a)
2
(20%) 200 T
1825 1507

1355

<t
(187) 3 1001 g =
T 2 &

600 800 1000 1200 1400 1600 1800 2000

(b) (©
20

=

1588
1664

A A
_ = o
=
- ——-\-44 @—Aﬁ _
S & N
v
o0
o]
=
‘ =
. (=N
_f_
5
@
=
=
D
———+———o
E
&
N
Counts
o

_I
& |

\ 15 ) “ 3
1304 2 g i
\ + 20 Lo 23 =
WL B ar " Lol
1117 T
960 103 (O] 1600 1800 2000 1600 1800 2000
1186 1017 Energy (keV)
g+ )
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,,,,,,,,,,, o / 606 (3 in "Kr created from a sum of doubles gates irswWARE cube. All
1134 69 " 9a . .
4+ yrast transitions up to the f4level were included in the gate list.
"""" 1 1139 : : 72,
o+ 612 / Peaks marked with a T @ are contaminants fromKr and "Br,
o respectively(b) shows an expansion @#). (c) shows a gated co-

incidence spectrum created from a sum of doubles gates which
included all transitions in the yrast band up to thé 18vel against

the 1023 keVy ray. The arrows indicate the positions of the 1664,
1736, and 1825 ke\y rays. All energies are labeled in keV.

FIG. 1. Proposed level scheme fdfKr deduced from the
present work.

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS
_ _ - ) tional correlation from oriented stat¢®CO) [18] E,—E,

0 H|ggrg-sp|n states in “Kr were produced via the matrix was also sorted for the purpose of extracting the mul-

Ca(*"Ar,2p2n) reaction at a beam energy of 145 MeV. tipolarities of the transitions. The DCO matrix was con-
The beam was incident upon a target consisting of a 39@trycted using detectors from the 79° to 101° rings onxthe
pglent thick *°Ca foil with 113 ug/en? and 97 ug/cn?  axis and all other detectors being used to incrementythe
flashes of Au in front and bEhind, reSpeCtiVEIy, to preventaxis_ This was done using the same partide gates as dis-
oxidization of the Ca foil. Emittedy rays were detected us- cyssed above. DCO ratios for known stretched quadrupole
ing the Gammasphere arrgy3] which consisted of 78 es- ., stretched quadrupole and stretched quadrupete

cape suppressed HPGe detectors. Due to the small cross s@getched dipole transitions were found to be 1.1 and 0.8,
tion for the production of ’Kr a highly efficient method of = respectively.

channel selection was necessary in order to identify the

rays associated with this nucleus from the many other more IIl. RESULTS
favored reaction channels. To achieve this, charged particles
and neutrons were detected using the Microball afdzd} Analysis of the present data enabled the level scheme

and the neutron shelL5], respectively. The latter consists of shown in Fig. 1 to be constructed fdfKr. We have been
30 tapered hexagonal BC-501A scintillator detectors whichable to observe the yrast band up to a tentative spin bt 20
replaced 30 suppressed Ge detectors at the forward mo$he observed yrast sequence is consistent with that deduced
angles of Gammasphere. Data were collected using a triggéay Fischer and Listdr12]. It would appear, however, that the
containing either at least two suppressed Ge detectors firingp2n exit channel does not populate as high in spin as the
in coincidence with one or more neutrons being detected i« channel, which was used in their work, since they were
the neutron shell or greater than four suppressed Ge detectable to observe states up to a tentative spin of.Z6he
firing in prompt coincidence. Approximately>810® events  spectrum shown in Fig. (8) was produced via a sum of
were written to tape. double gates from the cube as detailed in the figure caption.
Effects of particle evaporation upon the recoiling nucleuslt was only possible to extract DCO ratios for a few of the
were compensated for by using information from the Mi-transitions(see Table )l due to a lack of statistics and con-
croball to perform a full kinematic reconstructiph6]. Data  tamination. These suggest that the transitions within the yrast
were sorted offline into aft,—E., matrix and anE,—E,  band(band 2 up to the 14 level are quadrupole in nature,
—E, cube, both with particle gates of one or two protons,consequently these have been assigned2stransitions.
zero alpha particles, and at least one neutron in order tdhe work of de Angelist al.[10] placed a 1367 ke ray
enhance thé?Kr reaction channel. These were then analyzeddirectly on top of the 1508 keV transition in the yrast band.
using theRADWARE suite of software packaggs7]. Adirec-  The present work supports the existence of the transition and
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TABLE . Intensities,y-ray energies, and DCO ratios for transitions’fikr from the present work.

E, (keV) l1e1(%) DCO Multipolarity 17(h) I7(h)
606(8) 5(1) (E2) (57) (37)
611.61) 93(12) 0.97°5%8 E2 4" 2"
709.11) 100(8) 1.25'913 E2 2+ 0"
791.51) 7809) 1.34°313 E2 6" 4"
810(3) 9(2) (E2) (7) (57)
960.03) 4(2)

995.51) 47(8) 0.97°3%9 E2 8" 6"
1017.28) 8(3) (E2) (97) (77)
10231) 2(2)

11172) 7(2)

1134.11) 5(1) 0.84" 514 (E1) (57) 4t
1139.32) 5(2) (E1) (37) 2"
1185.98) 16(4) 0.95 513 E2 10 8"
1214.35) 6(2) (E2) (11) (97)
129Q1) 5(3)

1355.11) 13(7) 1.189718 E2 12° 10
13678) 1.7(4) 0.67°51 (M1/E1) (15) 14
13941) 2.38) (E2) (13) (11)
14342) 42)

14951) 1.47)

1508.13) 10(3) 1.12°312 E2 14* 12*
15564) 1.52) (E2) (157) (13)
15841) 1.72)

1664.24) 3.22) (E2) (16) 14"
1683.99) 2.3(7) 6"
16944) 1.38) (E2) (17) (157)
1736.06) 1.52) (E2) (18" (16%)
182520) 1(2) (E2) (207 (18%)

its placement within the decay scheme, however, the DCO The absence of any other transitions feeding thé 14
value for thisy ray suggests that the radiation is dipole in state, other than the ones already discussed, leads us to con-
nature(see Table )l From the present work there is no evi- clude (in agreement with Fischer and Listgt2]) that the
dence for any additiona} rays in this sequence, which may 1664, 1736, and 1825 keYy rays form the continuation of
suggest that the 1367 keV transition comes from a favorethe yrast band. The large decrease in intensity observed in
terminating state. Fig. 2(a) for these transitions compared to those from states
Figure 2b) highlights the high energy transitions in the below the 14 level results from the fact that the 1367 and
upper portion of the spectrum shown in FigaR Figure Zc) 1588 keVy rays, which also feed the I4state, have similar
shows that the 1588 ke ray also appears to result from intensities to the 1664 ke\ ray. It was not possible to
the decay of a favored terminating state since there is oncextract DCO ratios for most of the transitions above the 1508
again no evidence of a rotational-likecascade in the spec- keV y ray, hence in the following discussion the yrast band
trum either aboveéor below) this transition. Thisy ray is in  transitions have been assumed to hE2Zemultipolarity.
coincidence with the 1508 ke ray and it is possible that it Two new rotational structuregbands 1 and 3 in Fig.)1
directly feeds the 14 state. The 1023 keWy ray is not in  have been observed for the first time in this work. Figures
coincidence with the 1508 keV transitipsee Fig. 8d)], but  3(a) and 3b) show spectra illustrating the transitions in
is in coincidence with the 1355 and 1588 keV transitions.bands 1 and 3, respectively. The 791 keV transition in Fig.
However, because we were unable to find evidence for &(b) is a contaminant. This is confirmed by FigcB where
transition linking the 1023 keVy ray back into the yrast the spectrum has been generated from the cube using gates
sequence at the I2state we have shown the 1023 and 1588on the 606 and 612 key rays in coincidence with the 810,
keV transitions with tentative links into the decay scheme1017, 1214, and 1394 keV transitions. The 791 keYay is
Clearly, if the 1588 keV transition does decay directly to theclearly absent in this spectrum, indicating that its presence in
14" state, and it is alE2 transition, then this would be very Fig. 3(b) results from contamination.
interesting since it would be the yrast*16tate. It is clear from the statistics in the above spectra that the
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FIG. 3. (@ Coincidence spectrum from the particle gated cubeiSOSpin. However, since the spins and parities of the two side
showing band 1. The spectrum was created by taking the bottorbands(bands 1 and j3are uncertain, they will not be dis-
three transitions from the yrast baf@d10, 612, and 791 ke\Vin cussed further. In this paper we wish to focus upon the prop-
coincidence with 1684, 960, 1117, and 1290 keV transitions fromerties of the yrast band structure &Kr.
band 1.(b) Spectrum showing the transitions in band 3. The spec-
trum was created by taking the 710, 612, 1134, and 1139 keV
rays in coincidence with the lowest five transitions from band 3 IV. DISCUSSION
(606, 810, 1017, 1214, and 1394 KeVc) shows a spectrum cre-
ated using gates on the 612 and 606 kekays in coincidence with
the 810, 1017, 1214, and 1394 keyrays from band 3. Note the
absence of the 791 keV ray. (d) This spectrum was created by

taking the 1023 keV transition in coincidence with g@lkays in the . the f t which the ali t of pai
yrast band up to the 1355 keV transition, the missing 1508 eV In the frequency at whic e alignment of pairsgaf, pro-

ray is indicated with an arrow. In all casesray energies are [ONS and neutrons occurs ifFr (~0.85 MeV/h?) com-
marked in keV. pared to the crossing frequency observed fif’&Kr

(~0.65 MeVH). Furthermore, it is interesting to note that
bands are very weakly populated. As a result, it was onlythe observed alignment gain iff'Kr (~7.5) is some-
possible to obtain DCO information for one transitidii34  what lower than cranking calculations predict for the align-
keV) linking band 3 to band 2. The DCO ratio for the 1134 ment of pairs ofgg, neutrons and protons~(13-15:) in
keV vy ray was obtained from the relevant matrix using a gatehese nuclei. This aspect will be discussed further below.
on the 612 keV transition, thereby avoiding contamination Previous work on’Kr [10] suggests that there is an
from the 1139 keV transition. These data together with syseoblate— prolate shape transition at low spir-@—6#), with
tematics from the even Kr isotopés.g., in *Kr [19] two  the quadrupole deformation of the nucleus bein@.4 prior
odd spin and one even spin negative parity bands are olte the alignment of thgg,, protons and neutrons. This shape
served to decay into the yrast 4state tentatively suggests transition is further supported by recent calculations based
that the states within band 3 have odd spin and negativen the excited Vampir variational approaf®0]. Standard
parity. If the transitions from band 3 to band 1 are indeed ofcranked shell model(CSM) calculations [21] for this
E1 character then this would clearly be interesting since fonucleus, with deformation parametggs=0.4, y=0°, pre-

The dynamic moments of inertia for the yrast bands in the
three even-ever’>’*"«r isotopes are shown in Fig.(a.
Figure 4b) shows the alignment plots for the same nuclei.
Both figures clearly indicate that there is a substantial delay
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dict that thegg;, proton and neutron crossing frequencies

(©)

occur at~0.56 MeV/:. This is much less than the experi- ;Z_
mentally observed value. If the nucleus is prolate or triaxial

(y=—30°) then the deformation would have to be increased 0]
to an unrealistically large valueg=0.6) in order to repro- 401
duce the observed crossing frequencies. Similar calculations 30
for the T,=1 nucleus’Kr yield essentially the same cross- 201

ing frequencies for the protons (0.55 Mé)/and neutrons
(0.57 MeV#). These values are also somewhat lower than
the experimentally observed values, indicating that standards 70;
CSM calculations for a prolate or moderately triaxial shapeﬁm 604
cannot describe the properties of these nuclei at high spin.
For an oblate deformation of 0.4, however, CSM calcula-
tions predict that theyg, protons and neutrons align at a
frequency of~0.8 MeV/#, in good agreement with the ex- 301
perimental data. The possibility that the shift in frequency 207
may be due to a substantially different shape of the neigh- 101
boring isotopes was considered in Rgf0]. Calculations 0 —— —
were performed for thé2’*"r nuclei using the new pair- 00 02 04 06 08 1000 02 04 06 08 10
ing and deformation self-consistent total Routhian surface fio (MeV)
model, which includes a quadrupole-quadrupole pairing term 1. 5. The upper panels show the theoretical dynamic moment
[22]. These results indicate that a prolate shape is favored fqs inertia plots for(a) 72Kr, (c) 7%Kr. The solid lines represent the
“?Kr at low spin (~6#). The calculations were able to re- results of the calculations with nop pairing, the dot-dashed lines
produce thegg,, proton and neutron crossing frequencies incorrespond to the second set of calculations which involved both
both "*7%r [10,19. However, they predict a crossing fre- isovector and isoscalarp pairing but which had th@=0, J=1
quency of~0.58 MeV/ for "Kr, which is clearly much andT=0,J=9 contributions set at similar strengths. The dashed
too low. This decrease in crossing frequency is due to théine corresponds to the final set of calculations where both isovector
fact that the calculations predict a reduction in the quadruand isoscalanp pairing were included but the=0, J=1 strength
pole deformation, from~0.38 for the vacuum configuration was increased by a factor of 2. The lower panels show the experi-
to ~0.30 for the aligned four quasiparticle configuration, asmental dynamic moments of inertia plots fd "*Kr and (d) "Kr
well as a shift from a near-prolate/{-5°) to a more triaxial ~for comparison.
(y~—25°) nuclear shape. These results indicate that there
are problems in describing the properties’ékr within the In order to disentangle the effects of the pairing we
model. performed three sets of calculations. Initially, calculations
Previous worK 2,8,9] has demonstrated that the inter-  were performed with the@p part of the interaction switched
action may cause a delay of the first band crossing in evenff. These gaveg, proton and neutron crossing frequencies
N=Z nuclei as compared to the neighboring even-even isofor "Kr of w~0.5 MeV/ [Fig. 5@)], which are similar to
topes. In order to study these features further, we have pethe values obtained from standard CSM calculations
formed cranking calculations within an exactly solvable(0.56 MeV#). Similar calculations for*Kr predict almost
model of a deformed singlgshell (gy,). The Hamiltonian the same crossing frequenfyig. 5c)].
consists of a cranked deformed one body term and a scalar In the second set of calculations, thp correlations were
two-body delta interactiof23,24. The model contains the taken into account by using the full delta interaction. As
deformation parametek and the strength of the delta- discussed in Ref[2], the crossing frequency in thid=2Z
interaction as the parameters. In our calculations we wsed nucleus is considerably delayed relative to that infthezZ
= 2.4, which approximately corresponds fe=0.4. For the  +2 nucleus. The calculated shift in the crossing frequency
strength of the delta interaction we usee-1 MeV, whichis  for the gg,, protons and neutrons is clearly seen in Fi@g)5

TMeV)

consistent with earlier calculationg5]. where for ’Kr it is shifted up to~0.63 MeV#. This delay
The results for’Kr are shown in Fig. &) and may be in crossing frequency may be explained as follows. The
compared to the experimental data in Figo)51t should be =1 np correlations lower the energy of tlggband because

noted that because of the limitations of the calculations onlythe np pairs contribute to the correlation energy in addition
qualitative comparisons should be made with the data. In théo the pp andnn pairs. In the backbend region pairs @,
N=Z case there is a double alignment predicfad], i.e., protons and neutrons align, consequently, they are blocked
the ground state band(band is crossed by the four quasi- out of theT=1 pair correlations since, fai=0 pairs, the
particle banddoubleSband with both a pair ofgy, protons  particles must be antialigned. Hence the gaimmcorrela-

and neutrons aligned. In thé=Z+ 2 nucleus,’*Kr, the first  tion energy is reduced and tisband is shifted up in energy
alignment results from a crossing with the sind@eband relative to theg band.

which contains only one pair @y, nucleons. These features  In the case off=0 pairing, theJ=1 andJ=9 compo-

will be discussed further below. nents of thenp interaction have a counteracting tendency.
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The attractive] =9 component favors the parallel orientation ing in the yrast band of “Kr [27]. Moreover, the dynamic

of the gg, proton spin with respect to thgy, neutron spin, moments of inertia of the yrast bands f "®Kr also indi-

i.e., it lowers the energy of the doubBband which contains cate that there is a shrinking of the deformation above the

the four alignedgg, particles. On the other hand, tde=1  backbend. At the present time the available data fitr

component generates correlations which involve pairs of prosuggest that this shrinking does not seem to be present, how-

tons and neutrons with nearly antiparallel spins. Thus, likeaver, the "Kr work reminds us that shape changes could

theJ=0 correlations, these correlations also raise the energyglay a very important role. It is also worth noting that the

of the doubleS band with respect to thg band. It has been Excited Vampir calculations for'>’Kr [20] suggest that

shown in Ref.[26] that for a delta interaction the totdl  there is substantial mixing of co-existing states based on pro-

=0 pairing has no effect on the band crossings, because thgte configurations having different quadrupole, hexadeca-

T=0,J=1 andT=0, J=9 components, which individually pole and octupole deformations at high spins. Clearly, in or-

change the crossing frequency, happen to cancel each othger to take this work further it will be important to deduce

Thus the calculated shift in the crossing frequency at thigoth the deformation and shape of the nucleus in the band

point may be attributed solely to thle=1 component of the crossing region so that the precise effect of the shape

pure § force. changes on thgg, proton and neutron crossing frequencies
In a real nucleus one may expect that he0,J=1  can be determined, thereby allowing the correlation ef-

pairing dominates over the=0, J=9 pairing term since in  fects to be better quantified.

a multiconfiguration space moystates will contribute to the

T=0,J=1 than to theT=0, J=9 pairing. In order to model

this effect we have increased the strength of TheO, J V. SUMMARY

=1 component of thep force by a factor of 2(This change

makes minimal difference to the odd-even binding energies, | conclusion, we have observed the yrast ban&ir up

the results remaining consistent with experimental vaJues., g tentative spin of 20and established the presence of two

Figure §a) shows that in’2r this results in a further, sig- ey sideband structures. An alignment, which is thought to

nificant, delay of thegg, proton and neutron crossing freé- oq it from the crossing of the vacuum configuration with the

guencies from 0.63 te-0.8 MeV/h. These results indicate four quasiparticle band containing aligned pairsyg, neu-

that the presence of bofh 1 a_ndT 0 np pairing terms trons and protons, is observed in the yrast band, and has been
could explain the substantial increase in the crossing fre- S . )

. shown to be significantly delayed in frequency with respect
guencies of theg,, protons and neutrons.

For 7r [Figs. §c) and 5d)], the np correlations have to the heavier even-even Kr ist_)topéé’f‘kr). Calculations,
the consequence that the fayy;, particles align in two well- performed within a deformed singjeshell, suggest that this
separated steps, which show up as the two humps in Fi elayed band crossing may be attributable to the presence of

4(c). The first maximum lies at about the same frequency a®0th isovector {=1) and isoscalar{=0) np pairing cor-

the calculations without thep correlations, however, the relations. It must be borne in mind, however, that our shell

second is shifted to considerably higher frequency. Thus th8'0del calculations do not distinguish between the particle-

double alignment ifN=2Z nuclei is delayed relative to the hole and the particle-particle channel, hence they only dem-

first single alignment in th@=N+2 nucleus. This is what Onstrate that correlations between the protons and neutrons

seems to be observed f6274r. The experimental align- Within the gg;» shell may be responsible for the delay. The

ment (~7.54) at the band crossing if*Kr suggests that fact_that these C(_)rre_latlons are in the pairing., particle-

only one pair ofgg, particles is aligned, furthermore, the particle chgr;r;el is likely, but n.ot proven. It §houlq also be

band crossing appears at a substantially lower frequency thd}pted that if “Kr were to remain oblate at high spin rather

the up bend in"%r. The predicted high frequency of the than_havmg a prlolate deformatlon, as state of the art self-

second alignment in th&=N-+2 nucleus is consistent with CONsistent cranking calculations suggest, dfidKr were

the fact that no second crossing is seerf4r. It is clear, ~Prolate, the presence of a strong interaction would not be

however, that the observation of higher spin statedr necessary to explam the observe_d d_ata. An important a_spect

will be essential in order to see if addition@le., a doublg of future work WI|| be the determ_matlon_of the deformation

alignment is present in this case @t-0.85 MeV/. (Note  ©f the nucleus in the band crossing region.

that the extra transitions observed by Fischer and L[St2f

do not appear to be sufficient to resolve this isslxperi-

mentally, the observed sharp first up bendiKr [Fig. 5(d)] ACKNOWLEDGMENTS
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